Effect of holding time and temperature on the fatigue life of micro Sn-Ag-Cu solder joint has been studied with waveform of triangle and trapezoid wave at 298 K and 398 K. Both the microstructural coarsening and the crack propagation occurred simultaneously and therefore the cyclic load decreased rapidly in the trapezoidal wave at 398 K compared with the other conditions. Therefore, under the condition of waveform that includes holding time at high temperature, it is necessary to define fatigue life by considering crack length, although the load drop life definition is typically employed for the low cycle fatigue evaluation. The fatigue life of Sn-Ag-Cu micro solder joints is not strongly affected by temperature and holding time when the crack length is considered to define fatigue life. This is different form the trends in large scale bulk specimen and is attributed to the peculiar microstructure of the Sn-Ag-Cu.
Introduction
It is essential to evaluate the reliability of low cycle fatigue for solder joints in high density LSI packages undergo thermal fatigue damage caused by difference in the thermal expansion coefficients of the component materials. Typically, the low-cycle fatigue testing is carried out by using the triangular wave, while the waveform of the temperature cycling in the electronics shows a trapezoidal wave that possesses the holding time. Since creep strain increases as a result of stress relaxation of the solder alloy during the holding time, there is some concern regarding the influence of holding time on the fatigue life of solder alloys. Therefore, it is necessary to elucidate the influence of the holding time on the fatigue life for the establishment of the fatigue life prediction of the solder joints. The fatigue properties of solder alloys using large scale bulk specimen have been reported [1] [2] [3] [4] to date and the influence of temperature, frequency, and waveform were investigated by means of a strain controlled isothermal fatigue testing. For the low cycle fatigue tests of large-scale specimen conforming to industrial standards (e.g. ASTM E606), it has been reported that the fatigue life of SnAgCu alloys decreases with increasing the testing temperature and deceasing the frequency. [5] [6] [7] [8] However, the influence of temperature, frequency, and waveform in micro size specimen have not yet been examined in detail. Especially, the crack growth mechanisms of Sn-rich lead-free micro solder joints, where the number of crystallites is small, are anticipated to be different from those of large scale bulk specimen. It is uncertain if the results from the bulk specimen can be applied to actual micro solder joints and thus more detailed research on the influence of the loading condition is necessary.
In this study, low cycle fatigue tests were performed on Sn-3.0Ag-0.5Cu miniature solder joint and the effect of temperature and holding time on fatigue life was investigated.
Experimental Methods

Micro solder joint specimen
A micro solder joint specimen 9) joined by two copper rods using a solder ball, as shown in Fig. 1 , was used for the experiments. The copper rods were plated with chrome as solder resists and then a hole with a depth of 50 mm was made with a 0.5 mm end mill. The size of the copper rods was 02 Â 9 mm. Two copper rods were joined using a solder ball with a diameter of 760 mm and used as the micro solder joint specimen. A solder alloy of Sn-3.0 mass%Ag-0.5 mass%Cu was used (mass% will be omitted hereafter) in this study. Soldering was performed in air with RMA (rosin, mildly activated) type flux at 518 K and the hold time at maximum temperature was 30 s.
Low cycle fatigue life testing
A fatigue testing machine, as shown in Fig. 2 , was used to investigate the mechanical properties of the specimen. The fatigue testing machine employed a piezo-stage actuator with a displacement enlargement mechanism, and the maximum stroke was AE250 mm and maximum load was AE40 N. Displacement was measured using an electrical capacitance displacement sensor (displacement resolution of 0.01 mm) positioned at the head of the specimen-fixing jig and the actuator was controlled by the measured values of the displacement sensor. The jig for fastening the specimen was heated using a ceramic heater placed at the bottom of the jig, and the temperature was maintained within AE2 K by monitoring temperature with a thermocouple attached to the specimen. The fatigue tests were displacement-controlled low cycle shear fatigue tests, where the loading profile was a symmetrical triangular wave with a ramp rate of 5 mm/s, as shown in Fig. 3 , and a symmetrical trapezoidal wave where a displacement hold time of 120 s was imposed for every maximum and minimum displacement. The tests were performed at 298 K and 398 K. The fatigue life was taken as the number of cycles up to the point of load drop, which corresponds to the appearance of an initial crack. The results were processed by preparing a Coffin-Manson plot based on the respective inelastic strain range, as calculated using the Finite Element Method (FEM) (taking the mean value for the crack initiation region), and the fatigue life. For the FEM analysis, elasto-plastic creep analysis was performed with ANSYS 11.0 using a 1/2 model of the specimen, as shown in Fig. 4 . Material constants, such as the creep of the solder alloy, were obtained by the stress relaxation method which will be described in the following section.
2.3 Elasto-plastic creep properties of solder for FEM simulation Elasto-plastic creep properties of solder were obtained by a shear and stress relaxation test. First, 20 mm shear displacement is applied onto the micro solder joint specimen and then the displacement is fixed and maintained for 600 s. A loadtime curve is thus obtained, and the elasto-plastic properties are acquired from the sections immediately before the displacement hold and the creep properties are acquired from the stress relaxation section. The strain hardening characteristic employs the bi-linear approximation with the kinematic hardening law, and the creep deformation is assumed to obey the Norton law of eq. (1). Equation (1) was converted to the stress relaxation type of eq. (2), and the data obtained from the relaxation curve were fit to eq. (2) using the nonlinear least-square method to obtain the creep properties.
where " c is the steady-state creep rate, A is the material constant, ' is the stress, n is the stress exponent, ' i is the initial stress, E is Young's modulus, and t is the time. The obtained material constants are shown in Table 1 Hold for 120s ramp rate = 5µm/s , respectively. The analyzed data and the experimental data almost coincide, where the analysis performed using the material constants shown in Table 1 could simulate the results of the experiments.
Microstructure observation
Microstructure observation was performed using a polarizing microscope. The specimen was first mechanically polished using SiC polishing paper and diamond paste, and then polished again with a colloidal silica suspension to remove the damaged layer from the first polishing step.
Results and Discussion
Fatigue life comparison based on load drop
For the strain controlled fatigue tests, load drop (decrease in load) is caused by a decrease in effective cross-section due to crack propagation for solder alloys. [10] [11] [12] Therefore, if the specimen shape is the same, fatigue life is defined by the load drop, where this life is based on the premise that the length of the crack is constant at the same load drop. Fatigue life is defined here as the number of cycles at 20% load drop from the maximum load, which in turn accounts for fatigue crack initiation. 13, 14) Figure 7 shows the double logarithm plots of the total displacement range and the fatigue life obtained in the fatigue tests. Although some dispersion is observed for the fatigue life at 298 K, the results obtained from the symmetrical trapezoidal wave with holding time are similar to those obtained from the triangular wave, suggesting the absence of effects of holding time. The fatigue life in the symmetrical triangular wave at 398 K, on the other hand, is approximately 4 times lower than that obtained at 298 K. The fatigue life in the symmetrical trapezoidal wave at 398 K indicates some dispersion, but when compared to that in the symmetrical triangular wave at 298 K, it decreases by approximately 10 times and 50 times at the high and low displacement ranges, respectively. Figure 8 shows relationship between fatigue life and equivalent inelastic strain range calculated by FEM analysis. The results obey the Coffin-Manson's law of eq. (3), although some dispersion in life similar to that shown in Fig. 7 is observed.
where Á" in is the equivalent inelastic strain range, N f is the fatigue life, is the fatigue ductility exponent, and C is the fatigue ductility coefficient. When the equivalent inelastic strain range is used for fatigue life evaluation, the fatigue lives in the triangular wave at 298 K and 398 K are similar and the effect of temperature is not observed. In addition, the fatigue lives in the trapezoidal wave and triangular wave at 298 K are also similar, suggesting that the effect of holding time is not marked at 298 K. The fatigue life in the trapezoidal wave at 398 K, however, decreases compared with other conditions by 10 times for the low strain region, and this is shown to the higher fatigue ductility exponent. 
Relation between load drop rate and fatigue life
As mentioned earlier, if the decrease in load is a result of crack growth, a relation can be considered to exist between a load drop rate and crack growth rate. The relation between the load drop rate and fatigue life will be considered here. First, the relation between the load drop parameter and the number of cycles is examined. The load drop parameter is defined as eq. (4).
where È is the load drop parameter, F is the load range of a cycle, and F M is the maximum load range. Figure 9 shows the relation between the number of cycles and the load drop parameter obtained from eq. (4) . A section where the parameter increases stably with an increase in the number of cycles is observed. An empirical law given in eq. (5) between load drop rate and fatigue life in the section has been reported. 15) 
where (dÈ=dN) is the load drop for one cycle, N f is the fatigue life, and and C 1 are constants. If the decrease in load is based only on crack propagation, becomes 1 and C 1 becomes the value reflecting the length of the crack. Therefore, C 1 , which reflects the length of the crack at 20% load drop, must always be constant for all test conditions. Figure 10 shows a double logarithm graph where the vertical axis is the load drop rate and the horizontal axis is the fatigue life. When the fatigue life is plotted against the load drop rate, the data under any conditions obey the empirical law given in eq. (5) . All data except the trapezoidal wave at 398 K fall in a straight line, as can be observed in Fig. 10 . The fatigue life in the condition of the trapezoidal wave at 398 K at the same load drop rate, however, is approximately 3 times shorter than that in the other conditions. The slope of the straight lines, , was about 1 for all conditions, while the value of C 1 , which reflects the length of the crack, was small only for the condition of the trapezoidal wave at 398 K.
The above-mentioned results suggest that the crack length under the trapezoidal wave at 398 K is shorter than those under the other conditions at a 20% load drop. It is therefore thought that factors other than crack propagation contribute to the decrease in load under the condition of the trapezoidal wave at 398 K. Figure 11 shows the microstructures of the Sn-3Ag-0.5Cu joint before and after the fatigue tests under the triangular and trapezoidal waves at 398 K. The initial microstructure consists of large -Sn dendrites with the same crystal orientation with sizes exceeding 100 mm. Only few grain boundaries are observed in the joints. It can also be observed that fine Ag 3 Sn and Cu 6 Sn 5 intermetallic compounds have crystallized within the -Sn matrix. The size of the intermetallics in the specimen subjected to the fatigue test using the triangular wave at 298 K remained fine and showed similar morphology to that in the initial state. The intermetallics after the fatigue test using the trapezoidal wave at 398 K, however, grew significantly compared with those in 298K 0hold 298K 120hold 398K 0hold 398K 120hold Fig. 10 Relationship between steady-state load drop rate and fatigue life for Sn-3Ag-0.5Cu joint.
Effect of Hold Time on Low Cycle Fatigue Life of Micro Solder Jointthe other test conditions. The size of the intermetallics after the fatigue test using the trapezoidal wave at 398 K is within the 4$6 mm range, and they are much coarser and interparticle distances between the intermetallics are much larger than those observed after the test using the triangular wave at 298 K. It is thought that the growth of intermetallics in the condition of the trapezoidal wave at 398 K was hastened by stress and prolonged heating (long testing period) at 0.8 Tm.
Generally, the strength of alloys which has fine dispersoids of intermetallics in its microstructure is dominated by interparticle distances and when the interparticle distance increases, the strength decreases. It is therefore thought that the strength of Sn-Ag-Cu decreases due to microstructural coarsening during the fatigue test under the condition of the trapezoidal wave at 398 K. Thus, both microstructural weakening and fatigue crack propagation occurred simultaneously and therefore the load decreased rapidly in the condition of the trapezoidal wave at 398 K compared with the other conditions. Figure 12 shows the relation between load drop and cumulative crack length measured from the cross section of the specimen after each test for each condition. The vertical axis shows the load drop and the horizontal axis shows the crack length. It can be observed that the trend for load drop against crack length in the condition of the trapezoidal wave at 398 K differs from those in the other conditions. The load drop at the crack length of 200 mm corresponds roughly to 20% for the triangular wave at 298 K and 398 K and the trapezoidal wave at 298 K, while it corresponds roughly to 35% for the trapezoidal wave at 398 K. It is thought that the load drop in the latter test condition is much more significant at the same crack lengths as a result of microstructure weakening. Fatigue life was thus redefined as the number of cycles to the crack length reaches 150 mm (15% for the triangle wave at 298 K and 398 K, and the trapezoidal wave at 298 K, and 25% for the trapezoidal wave at 398 K). Figures 13 and 14 show Manson-Coffin's plot using the redefined fatigue life. Figure 13 shows a double logarithm graph of the relation between total displacement and the redefined fatigue life. Since fatigue life is similar for the triangular wave and trapezoidal wave at 298 K, holding time at 298 K has almost no effect. On the other hand, the fatigue life for the triangular wave at 398 K decreases by about 4 times compared with the triangular wave at 298 K. The fatigue life for the trapezoidal wave at 398 K, although showing some dispersion, is almost equivalent to that for the triangular wave at 398 K at the high displacement region, but decreases by about 30 times at the low displacement region. The trend is similar to that shown in Fig. 7 . Figure 14 shows a Coffin-Manson plot of the equivalent inelastic strain range and the redefined fatigue life. Although a relatively large dispersion of life can be observed, the fatigue lives in the triangular wave at 298 K and 398 K, and the trapezoidal wave at 298 K, were similar, as shown in Fig. 8 . Similar to the other conditions, the fatigue life in the trapezoidal wave at 398 K is almost equivalent to that in the other conditions within a factor of 3. Therefore, it is concluded that there are no marked effects of temperature and holding time, on fatigue life if the crack length is considered for evaluating fatigue life of the joints.
Fatigue life based on crack length
Generally, in fatigue tests, creep effect increases at high temperature environments or when holding time is imposed, which results in damage at the grain boundaries and a decrease in fatigue life. As observed in the initial microstructure in Fig. 11 , the number of grains is far fewer in SnAgCu micro solder joints, so fatigue damages at the grain boundaries, which in turn can decrease the life, rarely occurs. In addition, macroscopic crack propagation is dominant for large bulk materials. It is thought that the effect of holding time did not appear because a macroscopic crack would not occur and crack propagation laws are different in micro solder joints. Therefore, it is thought that the effects of temperature and holding time on low cycle fatigue life were rather limited in micro solder joints.
Conclusion
Low cycle fatigue tests were performed on a miniature SnAgCu solder joint simulating an actual solder joint and the following conclusions were obtained. Under the conditions of high temperatures and waveforms including hold time, it is necessary to define fatigue life by considering crack length in order to compare fatigue life under different conditions, since the load drop during the fatigue testing is induced by both microstructure weakening and crack propagation. The low cycle fatigue life of Sn-3Ag-0.5Cu micro solder joints is not strongly affected by temperature and holding time when the crack length is considered to define fatigue life. This is thought to be a result of the peculiar microstructure of the micro Sn-Ag-Cu solder joint where the number of grain boundaries that decrease fatigue life is far fewer.
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